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Doping of Conducting Polymers

Abstract

The conductivity of certain organic polymers can be raised to the metallic
regime by chemical or electrochemical “p-doping"” (oxidation), or “n-doping”
. (reduction). Polyacetylene, (CH),, the prototype conducting polymer, has
been studied more extensively than any other conducting polymer and the doping

concepts involved appear to be applicable to the other polymer systems. The

; doping of an organic polymer to the metallic regime is phenomenologically
similar to the doping of a classical inorganic semiconductor in that very large
increases in conductivity are observed when the material takes up very small
amounts of certain chemical species. However, mechanistically it is different © 4
in that the doping of an organic polymer involves simply the partial oxidation

or reduction of the polymer, each oxidation state exhibiting its own charac~

teristic reduction potential. The dopant ion incorporated may be derived

. H
e ndes 2

from the chemical dopant species or it may be completely unrelated to it.
The reduction potentials of neutral trans-(CH), and its various oxidized

or reduced states and also the band gap of cis- and trans- (CH), have been

determined electrochemically. The reduction potentials have been used,

; together with known standard reduction potentials of a variety of redox

L couples, to rationalize the doping of (CH)x to the metallic regime by a -
number of dopant species including I,, Li, AgCl0,, gaseous 0, Hy0, or !

benzoquinone (the last three species in aqueous HBF,) and aqueous HC10,,

———

etc. The stability of p-doped polyacetylene in aqueous acidic media 1is -
f ascribed to the fact that a positive charge on a CH unit {n m—(cu)x is
; delocalized over approximately fifteen carbon atoms in what is termed a
T' "positive soliton.” This reduces the ease of nucleophilic attack of the

partly oxidized polymer chain. The Op-doping of (CH), permits the use of
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(CH), as an electrocatalytic electrode for the spontaneous reduction of
oxygen at one atmosphere pressure and at room temperature in strong aqueous
HBF, solutions.

It 18 concluded that reduction potentials can be used to rationalize
the ability of certain dopants to 1ngrease the conductivity of selected
organic polymers by many orders of magnitude and tho they may also be used
to predict new chemical species that are thermodynamically capable of

acting as p- or n-dopants.
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-1- Doping of Conducting Polymers

1. Introduction

R ——v

Polyacetylene, synthesized by the catalytic polymerization of
acetylene, HCSCH (Ito et al. 1974), is the simplest conjugated
organic polymer. It can be prepared in the form of planar cis or

trans chains as shown in Figure l.

|Figure 1 here (for legend see page 20)|

Both cis- and trans-(CH), can be "p-doped”, (partly oxidized) or "n-doped”
(partly reduced) through the semiconducting to the metallic regime with
certain chemical "dopants” (oxidizing or reducing agents) (MacDiarmid and
Heeger 1979) or by electrochemical oxidation or reduction (MacInnes et al.
1981). p-Doped (CH), consists of a delocalized polycarbonium ion, [(CH)*y]x.
in combination with a stable counter anion, A~, which makes the material,
[(Cﬂ)*YA;]x, electrically neutral. Analogously, n-doped (CH)x consists
of a delocalized polycarbanion, [(CH)'y]x, in combination with a stable
counter cation, M*, which imparts electrical neutrality to the material,
[M;(CH)-y]x. The conductivity of cis- and trans-(CH), together with a
few selected examples of the compositions and conductivities of materials
obtained by p- or n-doping (CH)y are given in Table 1. Isomerization
occurs during the doping process; hence similar conductivities are obtained
regardless of whether the cis or trans isomer is used.

This paper will be devoted to a discussion of the concept of doping
in polyacetylene, the prototype conducting polymer, since this polymer
has been far more extensively investigated than any other conducting
polymer. However, it seems likely that the principles laid forth will
be applicable to most, if not all other conducting polymer systems with

appropriate modification as dictated by fundamental differences in chemical

- fma P PP



b : -2~ Doping of Conducting Polymers

composition, molecular structure and morphology. 1t will be shown that
| the doping behaviour of p- and n-dopants for (CH), can be rationalized on
the basis of their standard reduction potentials.

2. The Concept of Doping

l When it was first discovered that the conductivity of (CH)x could be
increased by up to 12 orders of magnitude by reaction with small quantities
of electron-accepting or electron—donating species, the phenomenon was

I termed “p-doping” and "n-doping”, respectively, by analogy with the doping of

a classical semiconductor, such as silicon. Phenomenologically this designa-

tion 1is correct, in that large increases in conductivity are observed when

] the material takes up very small quantities of certain chemical species.

. However, as a better understanding of the nature of the doping process in

(CH)x developed, it has become apparent that this designation is mechanistically

misleading.

In the p-doping of a crystal of silicon, in which each silicon atom has
four valence electrons, a silicon site in the crystal lattice is replaced by
h a boron atom which possesses only three valence electrons. Hence, even if T
there should be no charge transfer between neighbouring silicon atoms and

the boron ;tom, i.e. the silicon and boron atoms are electrically neutral,

the boron site is electron deficient insofar as the crystal lattice is -

concerned. It therefore represents a positive "hole™ in the crystal lattice.

Conversely, if a crystal of silicon is doped by replacing a silicon site in

A o adas

the lattice by a phosphorus atom, which has five valence electrons, this
constitutes a negative site insofar as the crystal lattice is concerned,
i.e. there are five valence electrons in a site normally occupled by a silicon

atom which has only four valence electrons. These positive and negative
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=3- Doping of Conducting Polymers
sites in the crystal lattice exist regardless of whether there is or is
I not significant charge transfer between the silicon and the dopant atom
caused by differences in electronegativity between the species.
The doping of conducting polymers is conceptually completely different
l from the doping of a classical semiconductor such as silicon. p-Doping of

a conducting polymer refers to the partial oxidation of the polymer, e.g.,
(CH), » LY, + (xy)e” (1)

This may be accomplished either chemically or electrochemically. In order

PR TG

to preserve electrical neutrality in the system a counter anion, A™, must
also be provided:
» (E M GO (W ) 7
' To date, all counter anions used have been monovalent. Analogously, n-doping
refers to the partial reduction of the conducting polymer, e.g.,

(CH), + (xy)e™ » [(CH)TY], (3) T

5
’;
|

Again, in order to preserve electrical neutrality, a counter cation, M*,

must be provided:

[(CH)V], + GxyM* » (MU(CH) Y], (4)

All counter cations used up to the present time have been monovalent species.

The counter ions may be completely different chemically from the oxidizing

or reducing species or they may be derived from them. For example, in the

n-doping of (CH)x by sodium naphthalide, the strongly reducing naphthalide

radical anion, made by dissolving metallic sodium in a solution of naphthalene

in tetrahydrofuran (Chiang et al. 1978), is used. The lowest energy =*
molecular orbital in (CH)x is apparently of lower energy than the n* orbital
of the naphthalide radical anion containing the unpaired electron, since

:
2 the electron is spontaneously transferred from the n* orbital of the naph-
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j thalene to the 7* orbital of the (CH)y, when (CH)yx is placed in the
solution of sodium naphthalide. The naphthalide radical anion acts as the

reducing agent:

[ (CH), + (xy)Nphth~ * [(CH)™Y]_ + (xy)Nphth (5)
while the Nat ion acts as the counter "dopant" cation:

[(CcH)Y], + (xy)Na® * [NaJ(CH)TY], (6)
The reducing agent is not related chemically to the dopant cation. 1If,
however, metallic sodium is used, for example, in the form of a liquid
amalgam, the reaction may be regarded as consisting of two hypothetical
steps. The sodium first acts as a reducing agent:

(CH), + (xy)Na * [(CH)TY], + (xy)Na* (7)
and the Na* so formed, then acts as the dopant cation:

[(CH) V] + GxyNa* *  [Nab(CH)Y], (8) ]

In this case the dopant ion, Nat, is chemically derived directly from the

T .

reducing agent. If, however, (CH)x is n-doped electrochemically, the -

) reduction can be carried out using electrons supplied by a DC power source o ;
Fi and any convenient counter cation may be used as the dopant ion. For example,

if (CH)x is placed in a solution of (n-BuaN)+(Clo4)' in tetrahydrofuran

é? and is held at a potential less positive than +1.8V (vs. Li*/Li) it will become
reduced (MacInnes et al. 1981):

(CH), + (xy)e~ * [(CH)7Y], (9)

ol mezara o A

and the (n-BuaN)+ ion will then act as the dopant counter cation:
ﬁ () V], + (xy)(n-Bugh)* * [(a=BuM)y(c) V), (10) ;
.

When (CH), is p-doped with iodine, the iodine acts as the oxidizing
i! agent. In this case the dopant counter anion, (I3)”, is derived from the

oxidizing agent: g
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(CH)y + 1/2(xy)I; +» [(CO)¥Y], + (xy)I” (11)
(xy)I™ + (xy)I, + (xy)(I4)~ (12)
()] + (y)(Ip)7 + [ a7, (13)

Examples of p-doping where the oxidizing agent is different from the dopant
anion are given in § 4.

3. Reduction Potentials of Polyacetylene in Oxidized and Reduced Forms

The reduction potentials of polyacetylene in oxidized and reduced forms
may be measured conveniently by placing a strip of (CH), film and a Li metal
electrode in an appropriate electrolyte such as a solution of LiClO, in
propylene carbonate or tetrahydrofuran. Application of a suitable potential
between the (CH), and Li electrode results in the removal of electrons
(oxidation; p-doping) or the addition of electrons (reduction; n-doping) from
or to the (CH),. The applied potential is removed and the open circuit
voltage, V,., of the oxidized or reduced film is measured after approxi-
mately 24-48 hours. This time interval permits equilibration of the dopant
counter ions throughout the material. “Undoping” of the film is also carried
out potentiostatically and returns the polyacetylene to its original, neutral
form. The coulombs involved in this undoping process give the degree of
oxidation ;r reduction of the polyacetylene corresponding to the measured
Voc value obtained under these quasi-equilibrium diffusion conditions.

The above procedure is then repeated with (CH), film in a number of different
oxidized or reduced states, the V,. values being recorded in each case.

The reduction potential for a polyacetylene couple is therefore here defined
as the potential for a given level of oxidation or reduction of the polyac-

etylene such that the application of an infinitesimally small potential

greater or smaller than that of the couple will result in the removal or
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addition, respectively, of an infinitesimally small amount of negative charge,
(ax)e=~, from or to the couple, (see Table 2). The relationship between

the open circuit voltage and the oxidation state of polyacetylene oxidized

or reduced up to 8 mol%Z is given in Figure 2.

IFigure 2 here, for legend see page 20|

The measured reduction potentials of n-doped polyacetylene are independent,
within experimental error, of the nature of the dopant cation, at least in
the case of [Li;(CH)'y]x and [Na;(CH)'y]x which have been examined in
detail (Kaner, et al. 1984). The effect of incorporating different dopant
anions to give species such as [(CH)+Y(C104);]x and [(CH)+Y(PF6);]X,
although not yet examined in as great detail, appears to cause no significant
change in the reduction potentials of p-doped polyacetylene. Similarly,
different electrolytes, particularly those most commonly used,i.e. propylene
carbonate (for oxidation) and tetrahydrofuran (for reduction), appear to
have no significant effect on the reduction potentials measured.

The oxidation and reduction processes involved may be understood
by referring to the density of states diagram for trans-(CH), given

in Figure 3.

|Figure 3 here, for legend see page 20|

The density of states, i.e. the number of 7 molecular orbitals in undoped
trans—(CH)yx between the top of the ¥ bonding orbitals (valence band) and the
bottom of the m antibonding (m*) orbitals (conduction band), is extremely
small. Hence, wien electrons are first removed from (CH), they will be re-
moved in a significant amount only from the top of the valence band. Experi-
mentally this occurs only when the potential of the (CH), is more positive

than +3.15V versus a Lit/Li reference electrode. This value, therefore,
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defines the energy of the top of the valence band with respect to lithium.
l Analogously, electrons can only be added to the (CH)x in a significant amount
by injecting them into the empty n* molecular orbitals at the bottom of the
conduction band. This only begins to occur when the potential of the (CH),

is less positive than +1.81V versus a Lit/Li reference electrode. This value,

therefore, defines the energy of the bottom of the conduction band with respect
to lithium. Hence neutral (CH), has a “"floating” potential versus the Lit/L ; 3
couple. The midpoint between +3.15V and +1.81V, i.,e, +2.48V, therefore,
defines a potential which can be regarded as characteristic of pristine,
undoped (CH)x (see Table 2). -4

Electrochemical oxidation removes electrons from the top of the valence

band and electrochemical reduction adds electrons to the bottom of the conduc-

P

tion band. When carried out extremely slowly, under quasi-equilibrium condi- —
tions, the potentials at which these processes first begin to occur can

be determined very accurately by the electrochemical techniques described
above. For trans-(CH)x the difference between these values, 3.15V and 1.81V, - o

i.e. 1.34V, gives a value of the band gap. This is in excellent agreement with

the value of ~ 1.4eV observed spectroscopically. The band gap for cis-(CH),

-

can be determined in a similar manner. The value of the band gap so obtained,

1.93V, is also in excellent agreement with that observed spectroscopically, ~ 1.9eV.

Band edges and band gaps determined electrochemically for cis and trans-(CH)x

are depicted diagrammatically in Figure 4.

|Figure 4 here, for legend see page 20|

An advantage of the electrochemical studies is that absolute values
(vs. Li*/L1) of the band edges in the two isomers are obtained. Spectroscopic

studies give only the energy difference betwecn the top of the valance band
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and the bottom of the conduction band in cach case.

Selected characteristic potentials of neutral, oxidized and reduced
polyacetylene couples obtained from the curves in Figure 2 are given in
Table 2 together with standard reduction potentials of certain other couples.

The potential of the Li*/Li couple differs from that of the H+/H2 couple

by 3.05V. Since potentials are frequently determined in non-aqueous solutions

by reference to the Li*/Li couple, values are listed for convenience in
Table 2 versus the H"’/H2 couple and also versus the Lit/Li couple. These
values can be interconverted by addition or subtraction of 3.05V. Since
reduction potential values will vary somewhat according to the solvent in
which they are measured the values obtained by the simple addition or
subtraction of 3.05V on going from one solvent system to another must be
used with caution. However, in the nonaqueous solvents commonly used to
date in studies on conducting polymers, it appears that the value obtained
by adding 3.05V to the value obtained experimentally in aqueous solution
will not differ by more than ~ 0.1V from the value obtained experimentally
in the non-aqueous solvent systems. Hence, the standard reduction potentials
of couples determined in aqueous solutions (when all components are at unit
activity) c;n be applied qualitatively to rationalizations and predictions
in non-aqueous solutions, as described below, so long as the difference in
reduction potentials being compared is more than a few tenths of a volt.

4., The Role of Reduction Potentials in Rationalizing and Predicting

p- and n-Dopants

In the past the selection of chemical p~ or n-dopants for conducting
polymers has been carried out on a haphazard, trial and error basis. It

now appears that selection of dopants can be made in a logical, scientific

4 _ Jma-a . A

adh
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-9- Doping of Conducting Polymers

manner by use of reduction potentials of likely dopant systems (MacDiarmid

et al. 1984; Mammone and MacDiarmid 1984). The reduction potentials of poly-
acetylene determined as described in § 3, together with the standard reduction
potentials of known redox couples can be used to rationalize the doping
ability of known dopants for (CH)x and to predict new dopants, assuming
favorable kinetics. It appears that a similar approach can be used for

other potentially dopable polymer systems. When the components of two couples
are mixed, the couple with the less positive reduction potential tends to

move from right to left, releasing electrons, while the couple with the more
positive potential tends to move from left to right, taking in the electroms
released by the less positive couple. Whether or not a given reaction predicted
from reduction potential values will or will not occur, depends of course

on whether or not the activation energy for the reaction is small or large.
However, 1f reduction potentials predict that a reaction cannot occur thermo-
dynamically, then such a reaction need not be investigated experimentally.
Several representative examples will be given below illustrating the use of
this approach.

The n-doping of (CH)y, by Li or Na, for example, can be readily understood
by means 6} reduction potentials. Thus, from couples 1 and 5 for Li or couples
2 and 5 for Na (Table 2), it would be predicted that metallic Li or Na should
spontaneously n-dope (reduce) (CH),. Because (CH),, Li and Na are solids, the
doping of solid (CH), using solid Li or Na by physically placing them together
cannot be conveniently studied. However, for example, if a piece of Li metal
and a piece of (CH)y are placed in a solution of LiClO4 in tetrahydrofuran
an open circuit voltage of ~ +2.4 volts is observed. If an external wire

is then placed between the two clectrodes a spontaneous electric current

——d

-
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will flow. The electrochemical reactions occuring are:

At Li: (xy)Li + (xy)Lit + (xy)e” (14)
At (CH),: (CH), + (xyde” * [(cH)Y), (15)

The net reaction which occurs is, therefore:

|
1
¥
A
—d
{

(CH)y + (xy)Li + [Li(CH)V], (16)
An analogous reaction occurs with Na. It is of interest to note that this
reaction may also be regarded as the discharge reaction of a rechargeable
battery cell, the charging reaction being the electrochemical conversion of
[Li;(Cl-l)-y]x back to (CH), and Li. Intense industrial interest is presently
being shown in this and related types of reversible electrochemical reactions
involving (CH)x and other conducting polymers. It is believed that conducting
polymers might have potential technological use as electrode-active materials

in rechargeable batteries.

Pp-Doping of (CB)x can also be rationalized by means of reduction
potentials. For example, from couples 5 and 9 (Table 2) it would be predicted
that 12 should p-dope (oxidize) (CH)x:

(CH), + 1/2(xy)I, * [(cH)*VIZ), (17)

In the presence of excess Iy, the I~ fon is known to coordinate with an
) I, moleculé to form the (13)' ion. The latter reaction does not involve oxidation
*! or reduction. The final expected product would, therefore, be [(CH)+Y(I3);]x.
s Experimentally it is found that iodine does dope (CH)y to the metallic regime
and that the fodine exists primarily as the (I;)” ion. The dopant fon in this

case is the reduced form of the oxidizing agent.

It has been found that (CH)x 1s p-doped to 1.8 mol% (y = 0.018) and a

conductivity of ~ 3 ohm’ltzm"1 is observed when placed in a solution of AgClOA

in toluene (Clarke ct al. 1978; Clarke and Street 1979):
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(CH), + (xy)AgClO, » [(CHITY(CL0)7], + (xy)Ag (18)
Metallic silver particles were observed by electron microscopy on the (CH),
fibrils. Again this is consistent with what is expected from couples 5 and
13 in Table 2. The Ag* ion oxidizes the (CH), to [(CH)'V], and is itself
reduced to metallic silver, while the (Cl0,)” ion acts as the necessary
dopant counter anion.

Another example of p-doping in which the oxidizing agent differs from
the dopant ion involves the oxidation of (CH), to the metallic regime
(6 ~ 12 ohm™! cml) by H,0, in the presence of 48% (7.4 M) aqueous HBF,.
The reaction:

2(CH), + (xy)Hy0, + 2(xy)HBF, =+ 2[(CH)*Y(BF,)]], + 2(xy)H,0 (19)
(y = 0.058) is consistent with the reduction potentials of couples S and 16
(Table 2).

Certain chemical species can actually play a dual role - a portion can
act as the oxidizing agent and a portion can act as the necessary stable
counter anion. For example, when (CH)y film is placed in aqueous solutions

of HCl04, it becomes partially oxidized and at higher concentrations of HClO;,

it actually undergoes a semiconductor to metal transition (Mammone and MacDiarmid

1984). The net reaction which occurs is:

8(cH), + 9(xy)HClo, + BI(CH)?Y(C10,)7], + (xy)HCL  + &(xy)H,0  (20)
This reaction is consistent with the reduction potentials of couples 5 and
15 in Table 2. One of the HCl0, species oxidizes the (CH), to [(CH)+y]x and
is itself reduced to HCl, while the (01oa)' ions in the other eight HC10,

species act as the necessary stable dopant counter anions for the {(CH)"'y]x

ions. After treatment with 12 M aqueous HCl0, and drying in vacuo, the elemental

analysis 1s consistent with the composition [(CH{O"}0.08)+0°12(C1°a)6.12lx'

-

. 4
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suggesting that partial hydrolysis of the presumed [(CH)*0-2(Cl0,)5. ),

species first formed

|Diagram here, no legend|

occurred during the doping process:
[(cn)*0+2(c10,)5, 51« + (0.08x)H0 3
[(cH{ou} §_0g)*0-12(C10,)5, 12)x + (0.08x)HC1O, (21)

The introduction of an HC(OH) group involving an sp3 hybridyzed carbon
atom would reduce the conductivity below that otherwise expected for (CH)x
doped to a 12 molX level. In the reversible hydrolysis reaction above the positive
charge has been depicted for simplicity as residing completely on one CH unit.
However, it is believed that the charge is actually delocalized over approximately
15 CH units in what is termed a “"positive soliton”. This would stabilize the
polycarbonium fon, [(CH)"'y]x towards nucleophilic attack and would reduce
the extent of hydrolysis, particularly in acidic aqueous media.

Organic compounds can also act as oxidants for (CH)x. Thus benzoquinone
oxidizes (CH), to a 9.5 molX (y = 0.095) in aqueous 7.4 M HBF, with a
resulting metallic conductivity of ~ 130 om~lam~!:

2(CH) x+ (xy)O=(CgHy)=0 + 2(xy)HBF; =+
. 2[(CH)Y(BF,)]), + (xy)HO-(CgH,)-OH (22)

This reaction is consistent with the reduction potentials of couples 5 and 11
in Table 2.

Until very recently it has been believed that prolonged exposure of (CH),
to 0, or air results in the destruction of its conductivity and its conversion
to an unknown mixture of compounds containing many carbonyl and other groups
(Pochan et al. 1980; Pochan et al. 1981). However, studies have now shown

that when gaseous oxygen is bubbled through a 487% (7.4 M) solution of aqueous

[En
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HBF, in which pieces of (CH), film are floating, the conductivity of the (CH),
increases from ~ 10-5 ohm~lem~! to ~ 3 ohm~lem~l, The reaction which occurs
is consistent with the reduction potentials of couples 5 and 14 in Table 2:
4(CH), + 4(xy)HBF, + (xy)0, * 4[(CH)+Y(BF4);IX + 2(xy)H,0 (23)
The oxygen oxidizes the (CH), to [(CH)+71x (y ~ 0.02), while the HBF, supplies
the (BF4)- counter ion which makes the oxidized polymer electrically neutral.
If a piece of [(CH)+0'02(BF4)6.02]x film and a strip of lead are placed
in a 48% aqueous HBF; solution and are connected via an external wire the
lead dissolves, liberating electrons:
Pb * Pb2t + 2e” (24)
The electrons flow through the wire and reduce the [(CH)*’O'OZ]x ion:
((cm)*0-92) + 0.02xe™ + (cH), (25)

resulting in the net electrochemical reaction:

0.01xPb + [(cH)*0-02(BF,)5 0,], = (CH), + 0.01xPb(BF,), (26)
These reactions are consistent with the reduction potential of couple 6 and

with the reduction potentials of the polyacetylene couples in Table 2. -

WO W ST

If oxygen is constantly bubbled over the polyacetylene electrode
it is possible to continuously chemically oxidize the polyacetylene to

[(CH)+O'02(BF4)6.02]x as rapidly as it is reduced electrochemically, -

according to equation (26), with the concomitant production of an electric
current., Neither the chemical composition nor the total mass of the p-doped
polyacetylene electrode changes during the reaction at steady state, i.e., - 4

the p-doped polyacetylene acts as a "catalyst electrode” permitting the

overall reaction expressed by equation (27) to take place:

(CH) -
Pb + 1/20, + 2HBF, Pb(BF,), + Hy0 (27)
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This reaction occurs to only a negligible extent in the absence of the (CH),.
When the oxygen stream is turned off the current stops; when it is turned on
the current again flows as shown in Figure 5. The top of the (CH), film

(1.1 cm2 x 0.01 cm) was attached to a platinum wire clip which was covered
with paraffin wax. At the conclusion of the experiment the film was severed
from the clip by cutting through the wax and the film with a razor blade.

As can be seen from Figure 5, a negligible current was then observed when
oxygen was bubbled over the current collector, thus showing that the observed
effect was caused by the (CH), film. The polyacetylene is therefore acting
as an electrocatalytic, "fuel-cell type” electrode for the reduction of
gaseous oxygen at room temperature and atmospheric pressure in an aqueous

acidic medium.

|Figure 5 here, (for legend see page 20)|

5. Conclusions
The above studies show that in order to understand the phenomenon of p-
and n-doping of (Cl-l)x it 1is necessary to distinguish clearly between the

oxidizing or reducing agent and the dopant anion or cation involved in the doping

process. Also, the studies show the importance of determining the reduction 1
potentials‘of polyacetylene in various oxidation states, since the values so
P obtained, then permit the rationalization of known and the prediction of new
dopants. Preliminary studies indicate that this approach can readily be

applied to other conducting polymer systems.
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Table 1

Selected Dopants for (CH),

Ei!flcu]x
trans-[CH]x

p-Doping (Oxidation)

(1) 1, vapour: [(CH)+°‘°7(I3)6.071x
(2) AsFg vapour: [(CH)*0-1(AsF()g ;1.

(3) HC104 (1liquid 8r vapour):
[(cuton}y og)*012(C10,)5 1,1,

(4) Electrochemical: [(CH)*O'I(Cloa)E.llx

n-Doping (Reduction)

(1) L1 Naphthalide: [Lid ,(cH)™0-2)
(2) Na Naphthalide: [Nad ,(CH)0-2]

(3) Electrochemical: [Lis.l(cu)‘o'ljx

Conductivitz
(ot~ lem™1)
1.7 x 109

4.4 x 1073

5.5 x 102

1.2 x 103

5 x 101

1 x 103

2 x 102
2.5 x 101

101-102

PN
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Table 2

Reduction Potentials of Selected Couples

Couple (vs Eig?Li)(stﬁgyﬂz)
l. Lit + e~ U4  0.00 -3.058
2. at+ et Na +0.33 -2.71a
3. [(cH)0-148) 4 (ax)e™ 2 [(c)0°1] +0.9 -2.2
| 4 [(CH)™"8 ]+ (ax)e™ ¢ [(cW)TI], +1.81  -1.24
5. [(cH)O*®)] + (ax)e™ 2 [(cH)O], +2.4  =0.7
6. Pbt2 + 2¢= t Pb +2.92 -0.13a8
7. K + e ¢ 1/2 1, +3.05 0.002
| 8. [(ca)*a*e) + (ax)e” 3 [(CH)*], +3.15 0.10
9. Ip + 2e” 3 217 +3.59 +0.542
10. 0, + 2H* + 2¢” 3 H,0, 43.73  +0.68%
11. 0=(CgH,)=0 + 2H" + 2 ¢
HO(CgH, JOH +3.75 +0.702
12. [(cu)*0-1%8] 4+ (ax)e™ ¢ [(eW)*0-1]  +3.8 +0.7
13. Ag* + e~ 1 Ag +3.85b  +0.802
4. 0, + 4H* + 4e™ 3 2H,0 +4.28 +1,238
15. (C10,)” + 8H* + 8e™ 3 C1™ + 4H,0 +4.42 +1.372
16. Hy0p + 2H™ + 2™ ¢ 2H,0 +4.82 +1.772
(a) The values given are standard reduction potentials (Weast 1975).
(b) Experimentally measured value versus Li in a Li/

LiC104 (1M in P.C.)//AgClO; (1M in P.C.)/Ag cell was
+3.74V (MacDiarmid et al. 1984).
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Cis and trans isomers of (CH),

Relationship between the potential (open circuit voltage,
voc’ versus the L1+/Li couple) and the percent oxidation

and reduction of trans-(CH)y.

The left-hand diagram is the conventional density of states diagram
for trans-(CH),. The right~hand diagram depicts this in terms

of 7 and n* molecular orbitals (MacDiarmid et al. 1984).

Relationship between band edges and band gaps in cis- and trans-

(CH), as determined electrochemically.

Change in current produced by a Pb/HBF@Z;q)/OZ/(CH)x cell when
the oxygen stream bubbling over the (CH), electrode is turned on

and off.

NOTE TO Ed: Please see coples of diagrams for axis captions and keys.




- e e " Ty —p—r———— e —————r—y

v~ <
/ r\C:—’f '—-"'C/
H/ \H H/ \H

FIGURE 1: Cis and trans isomers of (CH),




———————

5 1 L] 1 k] T ]
h“- r-
= teH,
-t
<
- 1 | : Iy ﬁl‘ N .,
. .E AV = 134V 1 $
e
24
F’ - Y181V
} =
[ RCHTVL
1
1=
A ] | [} { 1 1 1
o 1 2 3 4 s & 71 8

PERCENT OXIDATION OR REDUCTION
'

FIGURE 2: Relationship between the potential (open circuit voltage,

Voo » Versus the Li*/Li couple) and the percent oxidation

- and reduction of trans-(CH),.




.-'3v—vvv

PG e Satte e 2nun 2

ENERGY leV)

....................

%° MOLECULAR
ORBITALS
CONDUCTION

BAND GAP (1.4 ¢V)
. [FROM THE NEAR-IR
SPECTRUM)

% MOLECULAR %
ORBITALS ==

VALENCE T —

SAND ————*=

g

for trans-(CH),.

of m and 7* molecular orbitals (MacDiarmid et al. 1984).

DENSITY OF STATES

FIGURE 3: The left-hand diagram is the conventional density of states disgran

The right-hand diagram depicts this in terms

‘‘‘‘‘‘‘‘



ElvvsLi)
(o} L

F CIS | TRANS

\\\\\i AW

s

“~
FIGURE 4: Relationship between band edges and vand gaps in cis- and irans-

}
F' (CH), as determined electrochemically.




30 min
 —
l1cm?@
9 ¢ -+ + ¢ ———y ¢
) Ozon  Opoff Ozon  Oyoff Oyon  Onoff  Ogon 0,0n
i TIME

FIGURE 5: Change in current produced by & Pb/HBFy(aq)/02/(CH)x cell when

] oxygen stream bubbling over the (CH), electrode is turned on P

and off. ‘

ol
PP VTSP |

el
e - : - o e i P
PRI I S




-y .
472:GAN:T LE-s

94 /GEN

TECENICAL REPORT DISTRIBUTION LIST, GEN

Office of Naval Research
Attn: Code 413

800 North Quincy Street
Arlington, Virginia 22217

ONR Pasadena Detachment
Acen: Dr. R. J. Marcus
1030 East Green Street
Pasadena, California 91106

Commander, Naval Air Systems Command
Attn: Code 310C (H. Rosenwasser)
Department of the Navy

Washington, D.C. 20360

Defense Technical Information Center
Building S, Cameron Station
Alexandria, Virginia 22314

Dr. Fred Saalfeld

Chenistry Division, Code 6100
Naval Research Laboratory
Washington, D.C. 20375

U.S. Army Research Office

Attn: CRD=-AA-IP

P. 0. Box 12211 )
Research Triangle Park, N.C. 27709

Mr. Vincent Schaper
DINSRDC Code 2803
Annapolis, Maryland 21402°

Naval Ocean Systems Center
Attn: Dr. S. Yamamoto
Marine Sciences Division
San Diego, California 91232

No.
Copies

12

1

Naval Ocean Systems Center
Attn: Mr. Joe McCartney
San Diego, Califormia 92152

Naval Weapons Center

Attn: Dr. A. B. Amster,
Chemistry Division

China, Lake, California 93555

Naval Civil Engineering Laboratory
Aten: Dr. R. W. Drisko
Port Hueneme, California 93401

Dean William Tolles
Naval Postgraduate School
Monterey, California 93940

Scientific Advisor

Commandant of the Marine Corps
(Code RD-1)

Washington, D.C. 20380

Naval Ship Research and Development
Center

Attn: Dr. G. Bosmajian, Applied
Chemistry Division

Annapolis, Maryland 21401

Mr. John Boyle

Materials Branch

Naval Ship Engineering Center
Philadelphia, Pennsvivania 19112

Mr. A. M. Anzalone
Administrative Librarian
PLASTEC/ARRADCOM

Bldg 3401

Dover, New Jersey 07801

No.
Copies

™

@ e ey ey,

[R—

VNS (IR LR Y




—T— > v —— -

472:GAN:716-4 J

94/356A~B

TECHNICAL REPORT DISTRIBUTION LIST, 356B

Dr. C. L. Shilling

Union Carbide Corporation
Chemical and Plastics
Tarrytown Technical Center
Tarrytown, New York

Dr. R. Soulen

Contract Research Department
Pennwalt Corporation

900 First Avenue

King of Prussia, Pennsylvania

Dr. H. Allcock

Pennsylvania State University
Departaent of Chemistry
'}niveruty Park, Pennsylvania

Dr. M. Kenney
Case-Western University
Department of Chemistry
Cleveland, Ohio 44106

Dr. R. Lenz

University of Massachusetts
Department of Chemistry
Amherst, Massachusetts 01002

DR. M. David Curtis
University of Michigan
Department of Chemistry
Ann Arbor, Michigan 48105

NASA-Lewis Research Center
Attn: Dr. T. T. Serafini, MS
21000 Brookpark Road
Cleveland, Ohio 44135

Dr. J. Griffich

Naval Research Laboratory
Chemistry Section, Code 5120
)shington. D.C. 20375

19406

19174

16802

49-1

No.

Cogies

i

~r

Dr. G. Goodman

Globe-Union Incorporated
5757 North Green Bay Avenue
Milwvaukee, Wisconsin $3201

Dr. E. Fischer, Code 2853
Naval Ship Research and
Development Center
Annapolis Division
Annapolis, Maryland 21402

Dr. Martin H. Raufman

Code 138506

Naval Weapons Center

China Lake, California 93555

Dr., C. Allen

University of Vermont
Department of Chemistry
Burlington, Vermont 05401

Professor R. Drago
Department of Chemistry
University of Florida
Gainesville, FL 32611

Dr. D. L. Venezky

Code 6130

Naval Research Laboratory
Washington, D.C. 20375

COL R. W. Bowles, Code 100M
Office of Naval Research
800 N. Quincy Street
Arlington, Virginia 22217
Professor T. Katz
Department of Chemistry
Columbia Universicy
Nev York, New York 10027
Professor James Chien
Department o»f Chemistry
University of Masrcachusetts
Amherst. Massachusetts 01002

No. i
Copies

B
s

e e e - ———— -
-

-

S




8. .

472:GAN:716-4

Professor Malcolm B. Polk
Department of Cheaistry
Atlanta University
Atlanta, Georgia 30314

Dr. G. Bryan Street
IBM Research Laboratory, 132/281
San Jose, California 95193

Professor Michael Moran
Department of Chemistry
West Chester State College

94/356A-8
TECHNICAL REPORT DISTRIBUTION LIST, 3568
No.
Copies
Dr. Alan J. Heeger
Dept. of Physics
University of California
1l Santa Barbara, CA 93106
Dr. Frank Karasz
Dept. of Polymer Science and Engng.
1 University of Massachusetts
Amherst, MA 01003
19401 1

West Chester, Pennsylvania

Dr. K. Paciorek
Ultrasystems, Inc..

P. 0. Box 19605 i
Irvine, California 92715

r. D. B. Cotts

.3R1 International

333 Ravenswood Avenue
Menlo Park, California 94025

Professor D. Seyferth
Devartment of Chemistry

Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

Dr. Kurt Baum
Flucrochem, Inc.

680 S, Ayon Avenue
Azuza, California 91702

No.
Copies

- A ot ot 0 - it = - = s
f '
i







